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PolerovirusPoleroviruses are strictly transmitted by aphids. Glycosylation of Turnip yellows virus (TuYV) was previously
reported and this modiﬁcation was supposed to be required for aphid transmission. Using different
approaches based on (i) a lectin-binding assay, (ii) use of speciﬁc complex glycan antibodies and (iii) mass
spectrometry, we found no evidence that the structural proteins of TuYV and Cucurbit aphid-borne yellow
virus (CABYV) carry glycan residues. Moreover, mutation of each of the four potential N-glycosylation sites of
the structural protein sequences of CABYV indicated that, unless more than one site on the structural protein
is glycosylated, N-glycosylation is not involved in aphid transmission. These results did not corroborate the
previous hypothesis for the role of glycosylation in aphid transmission. They, however, revealed the presence
of a glycosylated plant protein in puriﬁed polerovirus suspensions, whose function in aphid transmission
should be further investigated.Brault).
ll rights reserved.© 2010 Elsevier Inc. All rights reserved.Introduction
Cucurbit aphid-borne yellows virus (CABYV, Polerovirus, Luteoviridae)
is a plant virus that is phloem-limited and obligatorily transmitted by
aphids in a circulative and nonpropagative manner. Virus particles,
acquired by aphids when feeding on infected plants, cross the gut
epithelium at themid- and hindgut levels (Reinbold et al., 2003) before
being released in the hemolymph. From there, virions gain access to the
accessory salivary glands cells, are transported through these cells and
ﬁnally released in the salivary duct and then into plants together with
saliva (Brault et al., 2007; Gildow, 1999). In both ﬁeld and laboratory
conditions, CABYV is efﬁciently transmitted by two aphid species,Myzus
persicae and Aphis gossypii (Lecoq et al., 1992). The isometric virion of
approximately 25 nm in diameter contains a single-stranded genomic
RNA of ca. 5.6 kb which has been fully sequenced (Guilley et al., 1994)
and for which a full-length infectious clone is available (Prüfer et al.,
1995). Poleroviruses particles are composed of two types of protein, the
major capsid protein (CP) of 22 kDa and a minor species of 74 kDa
known as readthrough (RT) protein. RT protein is an extended form of
the CP produced by an episodic suppression of the CP-stop codon
(Brown et al., 1996; Bruyère et al., 1997). Both structural proteins have
been shown to be required for efﬁcient polerovirus transmission (Braultet al., 2003, 2000, 1995; Bruyère et al., 1997; Chay et al., 1996; Jolly and
Mayo, 1994; Peter et al., 2008). While the major capsid protein, which
controls virion formation, is essential in the transmission process, theRT
protein is not strictly required for virus gut transport (Reinbold et al.,
2003). This protein must, however, be incorporated into virus particles
for efﬁcient retention of virions in the hemolymph and transport
through the accessory salivary gland cells (Brault et al., 1995; Reinbold
et al., 2001; van den Heuvel et al., 1997).
Virions transport through the insect cells relies on an endocytosis–
exocytosis mechanism which is dependent on the presence of virus-
speciﬁc receptors which have not yet been characterized. However,
several aphid proteins which can bind to puriﬁed polerovirus virions
in vitro have been identiﬁed (Seddas et al., 2004). Other aphid
proteins, only present in polerovirus-efﬁcient transmitters, have also
been found (Yang et al., 2008).
A previous study (Seddas and Boissinot, 2006) on Turnip yellows
virus (TuYV; formely referred to as Beet western yellows virus,
Polerovirus), a close relative to CABYV, showed that deglycosylation
of puriﬁed virus with N-glycosidase F or α-D-galactosidase abrogates
aphid transmission of the virus, suggesting that structural glycosy-
lated proteins could be involved in virus recognition or transport in
the vector. Enveloped animal viruses like Human immunodeﬁciency
virus (Koch et al., 2003; Li et al., 1993; Pollakis et al., 2001; Wei et al.,
2003), Dengue virus (Bryant et al., 2007), Hepatitis C virus (Fournillier
et al., 2001), Inﬂuenza virus (Vigerust et al., 2007) and West nile virus
(Li et al., 2006) rely on N- or O-linked glycosylated proteins anchored
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cells as well as for additional functions like proteolytic processing,
protein trafﬁcking or escape from neutralizating antibodies. In
contrast, the vast majority of non-enveloped viruses, with the
exception of the rotaviruses (Estes and Cohen, 1989), do not contain
glycoproteins. In contrast to the animal infecting viruses, plants
viruses are mostly non-enveloped. There is evidence for the presence
of glycosylated residues on structural proteins of Potato virus X
(Baratova et al., 2004) and Plum pox virus (PPV) (Fernandez-
Fernandez et al., 2002). However, the function of this modiﬁcation
in the virus cycle is still unclear. Thus, virus spread and titre were
slightly affected in Arabidopsis mutated in the O-linked N-acetylglu-
cosamine transferase (SEC mutant) that is responsible for glycan
addition on PPV coat protein sequence (Chen et al., 2005; Scott et al.,
2006). N-glycosylation of proteins anchored in the Tomato spotted wilt
virus (TSWV) envelope has been reported (Naidu et al., 2004) and one
of these glycosylated envelop protein was shown to bind thrips
midguts, therefore decreasing TSWV acquisition by the vector
(Whitﬁeld et al., 2004).
In this paper, theglycosylation statusof CABYVandTuYVparticleswas
assayed by different techniques and the precise role of N-glycosylation
in polerovirus transmission by aphids was addressed by studying
the transmissibility by aphids of CABYVmutants affected in the potential
N-glycosylation sites of the structural capsid proteins. The results do not
support thepresence of glycosylated residueson the structural proteinsof
either virus and argue against a role for glycosylation of such proteins in
the aphid transmission process.
Results
Detection of glycosylated residues on structural proteins using lectins or
glycan-speciﬁc antibodies
In order to address the role of putative glycosylation of CABYV and
TuYV structural proteins, an in silico analysis was ﬁrst performed to
identify putative glycosylation sites on the viral protein sequence.
Four to ﬁve potential N-glycosylation sites, harboring the N-x-S/T
pattern (in which “x” represents any amino acid except a proline)
were located on the CABYV and TuYV structural protein sequences
respectively (Table 1). Sequence comparison with other poleroviruses
revealed the presence of 3 to 7 potential N-glycosylation sites on the
structural protein sequences but the position of the putative sites is
not conserved among the viruses (Table 1). Sequence analysis also
predicted 2 to 5 potential O-glycosylation sites on the TuYV and
CABYV structural protein sequences respectively, all of them mostly
positioned in the proline tract of the RT sequence located just
downstream the CP-stop codon. As this sequence is highly conserved
among poleroviruses (Guilley et al., 1994), similar O-glycosylationTable 1
Localization of N- and O-glycosylation sites among poleroviruses structural protein
sequences.
Potential N-glycosylation sitesa Potential O-glycosylation sitesb
In CP In RT In RT
CABYV 2 (70, 178) 2 (408, 415) 5 (204, 205, 210, 212, 214)
TuYV 3 (50, 162, 181) 2 (267, 388) 2 (221, 480)
MABYV 2 (70, 178) 5 (406, 413, 432, 539, 547) 5 (207, 210, 212, 219, 557)
PLRV 0 3 (273, 410, 603) 5 (217, 219, 223, 225, 317)
CYDV 2 (11, 79) 2 (337, 349) 5 (213, 217, 225, 227, 493)
Accessionnumbers ID forCucurbit aphid-borneyellows virus (CABYV/NC_003688.1),Cereal
yellow dwarf virus (CYDV/NP_840025.2), Potato leafroll virus (PLRV/NC_001747.1), Turnip
yellow virus (TuYV/NP_620487.1, formerly referred to as Beet western yellows virus-FL1 or
BWYV-FL1) andMelon aphid-borne yellows virus (MABYV/NC_010809.1)
a Number of potentialN-glycosylation sites. In parentheses, position of theN-glycosylated
arginine on the amino acid sequence of the viral structural protein.
b Number of potentialO-glycosylation sites. In parentheses, position of theO-glycosylated
serine or threonine on the amino acid sequence of the viral structural protein.sites were found in the CP sequences of the other poleroviruses
analyzed (Table 1).
We ﬁrst focused on the identiﬁcation of N-glycans on CABYV and
TuYV structural proteins. These proteins could potentially be co-
translationally modiﬁed by N-glycosylation during their synthesis at
the endoplasmic reticulum (RE) membrane. N-glycosylation consists of
the en-bloc transfer of a glycan precursor onto the asparagine of the
consensus site N-x-S/T. This N-glycan precursor can be matured
successively into high-mannose N-glycan and a complex N-glycan,
while the protein passes through ER and Golgi apparatus to reach its
ﬁnal destination in the secretory pathway (Lerouge et al., 1998).Mature
glycoproteins carry a mixture of complex glycans as well as some high-
mannose N-glycans that have escaped terminal glycosylation.
To detect high-mannose N-glycans on CABYV and TuYV structural
proteins, puriﬁed suspension of the virus was ﬁrst subjected to SDS-
PAGE. The structural proteins were then transferred onto nitrocellu-
lose before being detected with the lectin, Concanavalin A (ConA),
speciﬁc for high-mannose N-glycans, followed by an incubation with
horseradish peroxidase (Faye and Chrispeels, 1985). Addition of the
enzyme substrate shows a signal of about 24 kDa or 21 kDa
corresponding to the CABYV-CP and TuYV-CP respectively, and
another at about 90 kDa (Figs. 1A and B). Speciﬁcity of the interaction
was evaluated by incubation with ConA in the presence of a lectin
sugar competitor (methyl α-D-mannopyranoside) or after submitting
the virus extract to on-blot periodate oxidation, which cleaves the
glycol ring of the sugar moiety, thus preventing ConA binding. Only
the 90 kDa signal was speciﬁc (signal disappearance after incubation
in the presence of competitor sugar or after periodate treatment,
Figs. 1A and B). The 24 and 21 kDa signals observed on the blots were
due to a nonspeciﬁc reaction between CABYV-CP or TuYV-CP and
horseradish peroxidase (Figs. 1A and B).When CABYV puriﬁed extract
was incubated with a biotin-bound ConA prior to addition of alkaline
phosphatase bound to streptavidine, a similar nonspeciﬁc reaction
was observed between the CABYV-CP and alkaline phosphatase
bound to streptavidine (data not shown). Therefore, no deﬁnitive
conclusion could be drawn concerning the presence of high-mannose
N-glycans on the CP of both viruses. No other signal of about 65 kDa,
corresponding to the CABYV- or TuYV-RT protein incorporated into
virions (Prüfer et al., 1995), was observed on the blots suggesting that
no high-mannose N-glycan was present on the minor virion
compound (Figs. 1A and B). We should mentioned here that a C-
terminally processed RT protein of about 65 kDa (thereafter referred
as RT*) is incorporated into polerovirus virions.
Detection of plant complex glycans on CABYV and TuYV structural
proteins was performed using a on-blot procedure similar to the one
described above, except incubations were performed with plant
antibodies speciﬁc for oligosaccharide motifs present on plant complex
N-glycans (core β(1,2)-xylose, core α(1,3)-fucose and terminal anti-
Lewis a) followed by an incubation with peroxidase-bound secondary
antibodies (Fitchette-Laine et al., 1997). After enzyme substrate
addition, a signal of about 90 kDa was observed in the virus extract
after incubationwith any of the three antibodies directed against plant-
speciﬁc complex glycans (Figs. 2A and B). Noother signal corresponding
to viral structural proteins (CABYV-CP of 24 kDa, TuYV-CP of 21 kDa,
CABYV- or TuYV-RT* of 65 kDa) were detected, which suggests the
absence of complex N-linked glycans on the viral proteins.
The 90 kDa glycoprotein, possessing both high-mannose- and
plant complex N-glycans, was repeatedly present in puriﬁed prepa-
ration of CABYV and TuYV. This protein was further gel-extracted and
identiﬁed by mass spectrometry as a plant protein (O. Lemaire and
P. Schellenbaum, personal communication).
Mass spectrometry on CABYV and TuYV structural proteins
Mass spectrometry analyses were performed to detect the
presence of glycans on the CABYV and TuYV structural proteins. The
Fig. 1. High-mannose N-glycan detection on CABYV and TuYV structural proteins.
Four µg of puriﬁed CABYV (A) or TuYV (B) were loaded on lanes V and 0.5 µg of
Ribonuclease B on lanes R. This latter protein of approximately 15 kDa possesses high-
mannose N-glycans and serves as positive control in this experiment. Proteins were
separated on a 15% SDS-PAGE gel before being transferred onto nitrocellulose.
Incubation was performed with ConA/peroxidase (panel 1), in similar conditions
with the addition of a competitor sugar, methyl α-D-mannopyranoside (panel 2), or in
similar conditions but after on-blot periodate oxidation of the sugars (panel 3). In panel
4, ConA was omitted and incubation was performed only with peroxidase. Position of
CABYV and TuYV-CP and of the 90 kDa protein is indicated. Sizes (in kDa) of protein
ladder are indicated on the right.
Fig. 2. Detection of plant complexN-glycans on CABYV and TuYV structural proteins. Four
µg of puriﬁedCABYV (A) or TuYV (B)were loaded in each lane. Proteinswere separated on
a 15% SDS-PAGE gel before being transferred onto nitrocellulose. Strips of the membrane
were treatedwith anti-coreα(1,3)-fucose-(lanes 2), anti-β(1,2)-xylose- (lanes 3) or anti-
terminal Lewis a antibodies (lanes 4). Structural CABYV proteins (CP and RT*) are
positioned on the left after incubation of the nitrocellulose strip with the antiserum
directed against CABYV (lane 1A). TuYV-RT* is observed after an incubation of the strip
with the antiserum directed against TuYV-RT (lane 1B). Sizes (in kDa) of protein ladder
are indicated on the right. Position of the 90 kDa protein is mentioned. The carbohy-
drate sequence of Lewis a is Galβ1,3[Fucα1,4]GlcNAc (Gal: galactose, Fuc: fucose, GlcNAc:
N-acetyl glucosamine).
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two different matrices (α-cyano-4 hydroxy cinnamic acid, 2,5-
dihydroxybenzoic acid). As already mentioned above, puriﬁed pole-
rovirus virions are composed of the CP and the 65 kDa RT*. The
cleavage site of the RT protein has not been identiﬁed with precision
but based on sequence homology between the RT sequences of
members in the Luteoviridae family, it is thought to be located around
the highly conserved DE (431–432 for CABYV and 428–429 for TuYV,
Figs. 3A and B) (Guilley et al., 1994). In addition to conﬁrming the
identity of the structural viral proteins, the MALDI-TOF peptide mass
ﬁngerprint analysis after in-gel tryptic digestion also suggests that the
cleavage site of the RT protein could be located 9 amino acids
(or more) downstream of the DE motif in the CABYV- and TuYV-RT
protein sequences. If we consider the arginine located at 440 on the
CABYV sequence and the lysine located at 437 on the TuYV sequence
as the more distal amino acids of the RT* proteins, the sequence
coverage of the CP and RT* was 57% and 53% respectively for CABYV
and 84% and 70% respectively for TuYV (Figs. 3A and B). Trypsic
peptides on the CABYV structural proteins sequence (69–97, 177–188,
404–419) with N-glycosylation consensus sites (N-x-S/T) were
detected as non-modiﬁed peptides, which provides further evidence
that the structural CABYV proteins forming the particles are notglycosylated (Fig. 3A). Four of the ﬁve potential N-glycosylation sites
on the TuYV structural proteins sequence were not modiﬁed
(coverage by the trypsic peptides 155–175, 180–191, 260–274, 384–
400), whereas no deﬁnite conclusion could be drawn for the site
positioned at amino acid 50 in an arginine-enriched region (Fig. 3B),
which was not covered by the sequencing.
ThenanoLC–MS/MSanalysis allowsus to identify theCABVY-CP and
-RT* proteins with 47% and 42% of sequence coverage respectively. The
coverage for the RT* protein was estimated based on the previous last
amino acid identiﬁed by MALDI-TOF analysis (position 440). This
position is still hypothetical because it was not conﬁrmed by the nano
LC–MS/MS analysis. Trypsic peptides (69–97, 177–188, 404–419)
covering the putative N-glycosylation sites were detected as non-
modiﬁed peptides (Fig. 3C), whereas, for TuYV, four of the ﬁve potential
N-glycosylation sites were covered by the trypsic peptides (155–175,
180–191, 260–274, 384–400) corresponding to 70% and 71% of the CP
and RT* sequence respectively (Fig. 3D). It can be noticed that both
mass sequencing analysis end up with a similar C-terminal amino
acid (lysine at position 437) which shows that the cleavage site of the
TuYV-RT protein is deﬁnitely located downstream the conserved DE.
A nano LC–MS was performed at high energy cone voltage (50 V) to
induce in source fragmentation of the glycan chains. Speciﬁc ions of
glycan fragmentation (M+H+: 163.1, 204.1, 292.1, 366.1, 657.2)
Fig. 3. MALDI-TOF and Nano LC–MS/MS analysis of CABYV and TuYV structural proteins. Peptides identiﬁed by MALDI-TOF by peptide mass ﬁngerprint are shown in bold on the
CABYV (A) and TuYV (B) structural protein sequences. Peptides identiﬁed by Nano LC–MS/MS are shown in bold on the CABYV (C) and TuYV (D) structural protein sequences.
Potential N-glycosylation consensus sites are underlined. Conserved DE motif is italicized. CP-stop codon is indicated in grey.
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glycan,N-acetylhexosamine and hexose glycanwere extracted from the
chromatogram. All spectra show that no speciﬁc ions were liberated
from the CP (Figs. 4A and B) and the RT* proteins (data not shown) of
both viruses. Absence of sialic acid residues is, however, expected
because the biochemical machinery for terminal sialylation of N-linked
complex oligosaccharides in mammalian systems is absent in plants
(Lerouge et al., 1998). These results are in agreement with the results
obtained by MALDI-TOF and clearly demonstrate that the CABVY and
TuYV structural proteins do not possess glycosylated residues.
Infectivity, stability and aphid-transmissibility of N-glycosylation CABYV
mutants
Recently, ability of CABYV virions to bind several cucumber
phloem proteins in vitro, and in particular phloem lectins, was
reported (Bencharki et al., in press). Phloem lectins from A. thaliana
were also able to increase virus transmission by aphids when added to
puriﬁed CABYV in the aphid diet (Bencharki et al., in press). Phloem
lectins could potentially recognize glycosylated CABYV particles and
because N-glycosylation was suspected to be the modiﬁcation
involved in aphid transmission (Seddas and Boissinot, 2006), we
constructed four CABYV mutants each modiﬁed in one of the four
potential N-glycosylation sites (the mutants are referred to Ngly1, -2,
-3, -4; Fig. 5). For each putative site, the conserved Asparagine (N)was
modiﬁed into Glutamine (Q) to minimize change in the secondary
structure of the protein. This modiﬁcation induces, however, a change
of the 17 kDa protein sequence for Ngly1 and -2 mutants, because the
17 kDa sequence is embedded in the CP sequence in a different
reading frame (Fig. 5). The effect of the introduced mutations in virus
replication was ﬁrst analyzed in C. quinoa protoplasts. Full-length
CABYV-RNA transcripts containing the different mutations in poten-
tial N-glycosylation sites were introduced into C. quinoa protoplasts
which were harvested 48 h post-inoculation. We observed that themutant transcriptswere replication competent and produced progeny
genomic RNA in the protoplasts (Fig. 6A). Genomic RNA accumulation
for each mutant was comparable to that of the wild-type virus which
suggested that the mutations introduced into the viral sequence had
no apparent effect on virus replication. Additional low molecular
weight RNA bands were also observed which may correspond to
subgenomic RNAs or to degradation products. Two subgenomic RNAs
have been suspected for CABYV; one covering the CP-RT sequence and
the other one spanning the C-terminal part of the RT sequence
(Ashoub et al., 1998). In the transcript-infected protoplasts, the
mutants directed synthesis of CP and RT proteins at approximately
wild-type levels (Fig. 6B), which shows that the introducedmutations
had no impact on CP or RT synthesis.
To further analyze CABYV-mutant behavior inwhole plants, the viral
cDNA containing the mutations were transferred into the binary vector
pBin19 under the control of the Cauliﬂower mosaic virus 35S promoter
and agroinoculated to the host plantM. perfoliata. Virus accumulation in
agroinoculated and non-inoculated leaves ofM. perfoliatawas analyzed
by DAS-ELISA 3 to 4 weeks post-inoculation. One week after agroino-
culation, all constructswere infectious inM. perfoliatabut the number of
plants infected with Ngly1 and -2 mutants was signiﬁcantly reduced
compared to the wild-type virus (Table 2), although the difference was
more pronounced forNgly2mutant. In agroinoculated leaves, Ngly1 and
-2 mutants also accumulated signiﬁcantly less than the wild-type virus
whereas no difference was observed between Ngly3, Ngly4 and the
wild-type virus (Table 2).When systemic leaves were assayed by ELISA
3 weeks post-inoculation, the frequency of infected plants was
signiﬁcantly reduced for Ngly1 (61%) and Ngly3 (73%) mutants
compared to the wild-type virus (100%). This difference was even
more pronounced for Ngly2mutant inwhich only 10% of the inoculated
plantswere infected (Table 2). In systemic leaves, only theNgly4mutant
accumulated towild-type levelswhereas Ngly1, -2 and -3 accumulation
was impaired (Table 2). The difference in virus accumulation for
mutants Ngly1 and -3 is not related to reduced CABYV-antiserum
Fig. 4. Nano LC–MS mass spectrometry analysis of the tryptic digest of CABYV- and TuYV-CP. Chromatograms extracted from CABYV-CP (A) or TuYV-CP (B) nano LC–MS mass
spectrometry analysis. Nano LC–MS chromatogram at 50 V cone voltage of the tryptic digest of CP (1). Extracted ion chromatogram ofm/z 163.1 (M+H+) corresponding to hexose
glycan (2). Extracted ion chromatogram of m/z 204.1 (M+H+) corresponding to N-acetylhexosamine glycan (3). Extracted ion chromatogram of m/z 292.1 (M+H+)
corresponding to sialic acid glycan (4). Extracted ion chromatogram of m/z 366.14 (M+H+) corresponding to N-acetylhexosamine and hexose glycan (5).
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of both puriﬁed mutants were identical to those of a wild-type virus
reference (Table S1). Although the structural protein sequence wasmodiﬁed in themutants, no epitope conformation changewas induced,
at least in Ngly1, -3 and -4 mutants. Consistent with the accumulation
rates in systemic leavesmeasured by DAS-ELISA, progeny genomic RNA
Fig. 5. Schematic representation of ORFs 3 and 5 of CABYV N-glycosylation mutants. The
genetic organization of CABYV genome encoding the six ORFs is presented. The encoded
major (CP) andminor (RT) coat proteins and the product of ORF4 (P17) are represented
by arrows. Position and amino acid sequence of the potential N-glycosylation sites are
indicated on the wild-type sequence (WT). For the different mutants, amino acid
replacement in structural proteins (CP and RT) is indicated. For the Ngly1 and Ngly2
mutants the amino acid changes introduced in the P17 sequence by the N-glycosylation
site mutation are noted below the CP sequence.
Table 2
ELISA detection of CABYV N-glycosylation mutants in agroinfected and systemically
infected leaves.
Agroinfected M. perfoliata a
Agroinfected leaves Systemic Leaves
Ngly1 36/39* (92%)b 1.61*±0.23c 121/196* (61%) 0.75*±0.26
P=0.120 P=9.93.10−9 P=0 P=2.06.10−15
Ngly2 38/47* (81%) 0.70 *±0.09 7/66* (10%) 0.25*±0.08
P=0.003 P=4.36.10−14 P=0 P=2.20.10−16
Ngly3 8/8 (100%) 1.91±0.23 38/52* (73%) 0.38*±0.17
P=1.108 P=0.089 P=0.000 P=3.36.10−14
Ngly4 8/8 (100%) 2.51±0.31 52/52 (100%) 1.75±0.27
P=1.108 P=0.098 P=1.108 P=0.041
WT 39/39 (100%) 2.20±0.48 61/61 (100%) 1.76±0.31
Virus accumulation was measured by DAS-ELISA 1 week post-inoculation (p.i.) or
3 weeks p.i on agroinoculated or systematic leaves respectively.
Wild-type: WT
The frequency of infected plants after agroinoculation for eachmutant was compared to
the WT virus with the Fisher exact test (http://www.quantitativeskills.com/sisa/)
whereas virus accumulation in leaves was compared with the Kruskal–Wallis test. We
applied to the /P/ value the Bonferroni correction recommended for multiple
comparisons. *: indicates signiﬁcant difference in pairwise comparison with the WT
virus at /P/=0.05/4=0.0125.
a Results from 2 to 7 independent experiments were combined.
b Number of plants infected/number of plants agroinoculated. In parentheses, the
percentage of infected plants.
c Mean absorbance±standard error at 405 nm after 2 h of substrate incubation. The
background absorbance observed with healthy plant extract (typically 0.12) has been
subtracted.
308 S. Revollon et al. / Virology 402 (2010) 303–314of Ngly4 accumulated to levels similar to the wild-type virus whereas
genomic RNA was detected at a reduced level in plants infected with
Ngly1, -2 and -3 (Fig. 7).
An RNase-protection assay was carried out to determine whether
any of the introducedmutation interferedwith packaging of viral RNA
into virions. Agroinoculated leaf extracts were harvested 7 days post-
inoculation and incubated 30 min at 37 °C under conditions in which
nonencapsidated CABYV-RNA is degraded by endogenous RNases. A
similar RNA extraction was performed without the 37 °C incubation
step to evaluate the accumulation of total viral RNA present in the
sample. For all mutants, except Ngly2, signiﬁcant amounts of the
progeny genomic RNAs in the leaf extract were resistant to
degradation by this treatment (Fig. 8). Ngly2-genomic RNA wasFig. 6. Ampliﬁcation in protoplasts of CABYVmutants affected in potentialN-glycosylation
sites. (A) Northern-blot analysis of total RNA extracted from protoplasts inoculated with
transcripts of Ngly1, -2, -3, -4 mutants and wild-type virus (WT). The position of genomic
RNA (gRNA) is indicated. (B) Immunodetection of CABYV-CP and -RT proteins in protein
extracts fromprotoplasts infectedwith transcripts of Ngly1, Ngly2, Ngly3, Ngly4 andwild-
type virus (WT). The upper part of the blot was probed with a CABYV CtermRT speciﬁc
antiserum, and the lower partwasprobedwith a CABYVpolyclonal antiserum. Positions of
CABYV-CP and -RT are indicatedwith apparentmolecularmasses in parentheses. It should
bementioned that the RT protein of CABYV and other members in the Luteoviridae family
has a SDS-gel electrophoresis mobility of a ca. 95 kDa which is higher than the 74 kDa
calculated molecular weight (Bahner et al., 1990). NI : Non-inoculated protoplasts.only detected with difﬁculty after RNase treatment, suggesting that
the mutation introduced in the CP sequence of this mutant interfered
with packaging of viral RNA into an RNase-resistant form. To evaluate
virion stability of the different mutants we also performed puriﬁca-
tion of the different N-glycosylation mutants either from systemic
infected leaves for Ngly1, -3 and -4 or from agroinﬁltrated tissues for
Ngly2. Typical virus peaks with an absorbance maximum at 260 nm
were observed in the sucrose gradients loaded with CABYV wild-type
virus, Ngly1, -3 and -4 mutants (Fig. S1). In contrast, no typical peak
was observed for the mutant Ngly2 (in three independent experi-
ments, Fig. S1). However, when aliquots of the sucrose gradient
loaded with the Ngly2 were analyzed by transmission electron
microscopy, typical virus particles were observed (Fig. S2). Therefore,
the mutation introduced into the Ngly2 mutant does not abolish
virion formation per se but could interfere with virion stability
in planta, impairing efﬁcient recovery of whole virions. This packaging
defect is presumably responsible, at least in part, for the lower yield of
progeny viral RNA from systemically infected leaves of agroinoculated
plants.Fig. 7. Accumulation of viral RNA of CABYV N-glycosylation mutants in systemic leaves.
Northern-blot analysis of total RNA extracted from M. perfoliata systemic leaves
4 weeks after agroinoculation with Ngly1, -2, -3, -4 mutants and wild-type virus (WT).
Position of genomic RNA (gRNA) is indicated. Ribosomal RNA (rRNA) was stained with
ethidium bromide. NI: Non-inoculated plant.
Fig. 8. Accumulation of viral RNA of CABYV N-glycosylation mutants after endogenous
plant RNase treatment. Northern-blot analysis of total RNA (T) extracted 7 days post-
inoculation with Ngly1, -2, -3, -4 mutants and wild-type virus (WT) using a buffer that
protects RNA from degradation by endogenous plant RNases. A similar plant extract
was obtained in a non-protecting buffer and further submitted to a 37 °C incubation
before RNA extraction. In these conditions, only protected RNA (P) packaged into
virions remains intact. Position of virus genomic RNA (gRNA) is indicated.
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tion in agroinfected plants was investigated by RT-PCR. Total RNA was
isolated fromsystemically infected leaves 3 weekspost-inoculation, and
a region of the genome encompassing the mutations was selectively
ampliﬁed by RT-PCR, cloned and further sequenced. All the sequence
alterations detected in the RT-PCR clones obtained from infected
M. perfoliata are summarized in Fig. 9. Variation in the wild-type
progeny sequences was observed and is presumably due to a
combination of natural sequence “drift” during the relatively error-
prone viral RNA multiplication process and errors introduced during
reverse transcription-PCR ampliﬁcation of the sequence to be analyzed.
Three mutations around the CP-stop codon located approximately 380
nucleotides downstream of the introduced mutation were observed in
the Ngly1 viral progeny in 3 out of the 8 clones analyzed. Two of these
mutations resulted in amino acid changes in the CP sequence but these
changes did not restore or obviously compensate for the mutated site.
One of the mutations eliminated the CP-stop codon. Except for this
modiﬁcation, no sharp difference in secondary mutation accumulation
was observed between the N-glycosylation mutants and the wild-
type virus, no reverse mutation was observed in the mutants and noFig. 9. Distributions of nucleotidemutations detected in viral progeny RNA following agroinfect
of M. perfoliata with CABYV wild-type (WT) or CABYV N-glycosylation mutants (A) or after tr
extraction from 2 plants. The boxed sequences are enlarged and the precise amino acid chang
mutations detected in the viral progeny: ○ silent mutation; ●mutation resulting in amino acicompensatory mutations were noticed in any of the sequences
analyzed.
Aphid transmission of mutated viruses from agroinfected plants, and
puriﬁed virus
To evaluate the effect of the mutations introduced in the putative
N-glycosylation sites on virus-vector interactions, M. perfoliata
agroinfected with the N-glycosylation mutants or puriﬁed virus
were used as virus source in aphid transmission experiments. When
M. persicae or A. gossypii were allowed to feed on systemic infected
leaves, Ngly1, -3 and -4 were transmitted although at a signiﬁcantly
reduced level compared to the wild-type virus (Table 3). This
difference in virus transmission efﬁciency can be attributed, at least
for Ngly1 and Ngly3, to the lower virus accumulation in infected
systemic leaves (Table 2, Fig. 8). Indeed, virus transmissibility of both
mutants increased when using puriﬁed virus and attained levels not
signiﬁcantly different from those of wild-type virus (Table 3). In
contrast, the reduced transmissibility of Ngly4 mutant from systemic
infected leaves, in which it accumulated at a level very similar to the
wild-type virus (Table 2, Fig. 8), could be due to a lower accessibility
of the mutated virus to the aphids. This hypothesis suggests that the
mutation introduced could interfere with virus loading in sieve
elements. When this mutant was offered to aphids from a puriﬁed
suspension through a paraﬁlm membrane, the rate of virus transmis-
sibility was restored to the wild-type level, conﬁrming that the
mutation introduced in the Ngly4 mutant does not strictly impair
virus transmission by aphids (Table 3). All the virus mutants were in
addition similarly transmitted by M. persicae or A. gossypii (Table 3).
Because the Ngly2mutant is highly impaired in systemicmovement
and do not form stable particles that can be puriﬁed from infected
plants, virus transmission of this mutant was addressed using
agroinoculated leaves as virus source. Ten days after agroinoculation,
aphids were allowed to acquire the virus for 48 h AAP before being
transferred to test plants for a 4-day IAP (20 aphids were transferred on
each test plant). Ngly2 aphid transmission was analyzed by RT-PCRion or aphid transmission. Nucleotidemutations in viral progeny following agroinoculation
ansmission by aphid (B). For each construct, 8 RT-PCR clones were sequenced after RNA
es are mentioned.★ Introduced mutations; The circles represent second-site nucleotide
d change; Ø Elimination of the stop codon; +3: insertion of 3 nucleotides.
Table 3
Aphid transmission of CABYV N-glycosylation mutants from infected plants and from
puriﬁed virus preparations.
Transmission
Agroinfected M. perfoliata a Puriﬁed virusb
A. gossypii M. persicae M. persicae
Ngly1 3/24* (13%) c 5/40* (13%) 14/19 (74%)
P=0 P=0 P=0.286
Ngly3 3/17* (18%) 3/18* (17%) 4/9 (44%)
P=0 P=0 P=0.112
Ngly4 9/18* (50%) 10/19* (53%) 16/21 (76%)
P=0.000 P=0.004 P=0.279
WT 26/26 (100%) 27/30 (90%) 14/19 (74%)
The frequency of infected plants after aphid inoculation for each mutant was compared
to the WT virus with the Fisher exact test (http://www.quantitativeskills.com/sisa/).
We applied to the /P/ value the Bonferroni correction recommended for multiple
comparisons. *: indicates signiﬁcant difference in pairwise comparison with the WT
virus at /P/=0.05/4=0.0125.
a After a 48 h AAP on plants infected with CABYV wild-type (WT) or CABYV N-
glycosylation mutants, 20 aphids were transferred to test plants for a 4-day IAP.
b After a 48 h AAP on puriﬁed virus (ﬁnal concentration 100 µg/ml), 20 aphids were
transferred to test plants for a 4-day IAP.
c Number of plants infected after aphid transmission (determined by DAS-ELISA)/
number of plants tested. In parentheses, the percentage of infected plants.
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aphid deposition and the expected 600 bp PCR fragment (nt 3505 to
4105 on the CABYV sequence) was detected in 3 test plants out of 3.
Accumulation of Ngly2 in test plants was, however, too low to be
detected by ELISA (data not shown).
The stability of the introduced point mutations in aphid-inoculated
plants was investigated by RT-PCR as already described above. The
various sequence alterations detected in the RT-PCR clones obtained
from aphid-inoculated M. perfoliata did not show selection of a
particular virus progeny from the source leaf after aphid transmission
nor were reversion or compensatory mutations detected in the
sequences analyzed (Fig. 9). In the Ngly1 virus progeny, amino acid
changes were again observed around the CP-stop codon in 2 clones out
of 8 analyzed, although the observed changes were not similar to the
one found in the viral progeny of Ngly1-agroinfected plants. As
nucleotide modiﬁcations also occurred around the CP-stop codon in
the wild-type virus progeny in aphid-infected plants (in two clones out
of 8 sequenced), we conclude that this sequence is highly subject to
modiﬁcation independently of the presence of engineered mutations.
Discussion
CABYV and TuYV, poleroviruses in the Luteoviridae family, are
transmitted by aphids in a circulative and propagative manner, which
implies speciﬁc recognition of virions by receptors localized at the
intestinal and accessory salivary gland levels. Previous work from
several laboratories has demonstrated the involvement of both
structural capsid proteins in the efﬁcient transport of virions through
the aphid (Brault et al., 2003, 2000, 1995; Bruyère et al., 1997; Chay
et al., 1996; Jolly and Mayo, 1994; Peter et al., 2008) and it is well
accepted that transport relies on direct interactions between capsid
proteins and surface receptors in the aphid. It has been proposed that
receptors localized on the intestinal cells could recognize the major
coat protein (CP) whereas those located on the ASG cells would bind
the minor capsid compound (RT protein) (Chay et al., 1996; Reinbold
et al., 2001). The polerovirus receptors still remain unknown but
intensive studies are now being carried out in several laboratories to
identify these molecules. It is therefore of particular importance to
know the exact nature of the viral capsid proteins participating in the
interaction in order to develop techniques adapted to their identiﬁ-
cation. Earlier work showing that treatment of TuYV virions PNGase-F,
which cleaves almost all common asparagine-linked glycan chainsfrom glycoproteins, inhibits aphid transmission of the virus was taken
as evidence that the virus particles were glycosylated and that this
modiﬁcation could control a major step of the transmission process
(Seddas and Boissinot, 2006). More recently, identiﬁcation of lectins
as potential phloem virus partners reinforce the suspicion of glycans
on polerovirus particles surface (Bencharki et al., in press). By analogy
with the presence in animal viruses of envelope glycoproteins which
control virus recognition and entry into cells, it was hypothesized that
glycosylated polerovirus structural proteins could also control virus
internalization into insect cells.
We developed several alternative approaches to detect the
presence of glycosylated residues on the structural proteins of
CABYV and TuYV. Presence of high-mannose N-glycans or complex
glycans on the structural proteins of CABYV or TuYV was evaluated
using a lectin-binding assay or with glycan-speciﬁc antibodies. No
complex glycans were present on either structural protein, suggesting
that none of them are addressed to the Golgi apparatus, the site of
complex glycans processing. No clear conclusion could be drawn
about the presence of N-linked oligomannosidic glycans on the CP of
both viruses, due to nonspeciﬁc binding of the CP to puriﬁed
horseradish peroxidase. On the other end, the RT* proteins incorpo-
rated into CABYV and TuYV virions clearly contained no such residues.
Mass spectrometry analysis of CABYV and TuYV structural proteins
demonstrated thatnoglycans of anykind(oligomannosidic or complex)
were present on either structural protein: all the peptides, except one
located in the TuYV-CP, carrying the putativeN-glycosylated sites on the
CP and RT sequenceswere identiﬁed bymass spectrometrywithout any
mass modiﬁcation and no glycans among the most common found in
nature were released from the structural proteins of both viruses
submitted to high voltage fragmentation. These experiments show that
CABYV and TuYV structural proteins are not glycosylated, unless
addition of the glycan is occurring at a nonconventional site on the
sequence and/or if the proteins are modiﬁed by an unusual glycan.
An additional mutagenesis-based approach was pursued with
CABYV in order to address if the phloem lectin-binding ability of this
virus, reported by Bencharki et al. (in press), was related to
glycosylation of the viral particles. Because phloem lectins exhibited
the ability to increase CABYV transmission by aphids in an in vitro
assay (Bencharki et al., in press) and because N-glycosylation was
more particularly suspected to play a role in polerovirus transmission,
mutation of each of the four putative N-glycosylation sites localized in
the CABYV structural coat protein sequences was conducted. The four
virus mutants (Ngly1 to -4) were replication competent in plant
protoplasts. When agroinoculated to plants, Ngly1, -2 and -3
accumulated in systemic leaves at a lower level compared to the
wild-type virus whereas Ngly1 and -2 displayed impaired accumu-
lation in agroinoculated leaves. In summary, except for Ngly4, the
other mutants were apparently affected in local or long distance
movement. Polerovirus particles are thought to be the viral entities
moving over long distances through the sieve elements (Esau and
Hoefert, 1972; Mutterer et al., 1999; Shepardson et al., 1980), but
nothing is known about the viral entity responsible for cell to cell
movement. These two types of movement, however, require both
structural capsid proteins together with the movement protein
encoded by ORF4 (Bruyère et al., 1997; Chay et al., 1996; Lee et al.,
2002; Nurkiyanova et al., 2000; Ziegler-Graff et al., 1996). All the
mutants engineered harbor a mutation in the major capsid protein
(Ngly1 and -2) or in the minor capsid compound (Ngly3 and -4)
which can explain the defect in virus movement. In addition, the
engineered mutation in the ORF3 of Ngly1 and -2 introduced an
additional mutation in the overlapping reading frame (ORF4) which
encodes the host-speciﬁc movement protein (Lee et al., 2002; Ziegler-
Graff et al., 1996). We also observed that the stability of Ngly2
particles was greatly impaired which could, by itself, be responsible
for the reduced movement of this mutant in the plant. From these
results, we had no evidence that the effect we observed on virus
311S. Revollon et al. / Virology 402 (2010) 303–314accumulation in plant was related to a modiﬁcation of the glycosyl-
ation of the structural proteins.
To test the previously proposed hypothesis that glycosylated
virions were required for aphid transmission, we performed aphid
transmission experiments using infected plants or puriﬁed virus, as
virus source.We observed that all themutants, even the Ngly2mutant
with unstable particles, could be transmitted by aphids. Thus, unless
more than one site on the structural protein was glycosylated, these
experiments showed that single N-glycosylation was not involved in
aphid transmission. Analysis of the viral progeny in the agroinfected
plants or the aphid-inoculated plants revealed that no selective
pressure was applied on the mutated sites even in the case of the
mutants affected in virus accumulation in plants. This also suggests
that the modiﬁcations did not affect functions that were absolutely
required in virus cycle and give further support for the absence of N-
glycosylated residues on the CABYV structural proteins.
Reinvestigation of the presence of glycosylated residues on virus
structural proteins of Cowpea mosaic virus, which was initially
reported to contain signiﬁcant amounts of carbohydrates (Partridge
et al., 1974), also showed that the virions were devoid of glycans
when a more sensitive technique (reverse-phase high-performance
chromatography) was performed (Altmann and Lomonossoff, 2000).
In the case of Hepatitis E virus, the capsid protein was shown to be
glycosylated when expressed in mammalian cells but no evidence of
the presence of N-glycosylated residues was obtained after site-
directedmutagenesis (Graff et al., 2008), suggesting that the observed
glycosylation could have been an artefact of overproduction of the
protein. Therefore, so far, the vast majority of non-enveloped viruses
do not contain N-linked oligosaccharides. Rotavirus may be the only
example of a non-enveloped virus bearing this kind of modiﬁcation
(Estes and Cohen, 1989), but it should be noted that, in the
rotaviruses, the outer glycosylated viral capsid protein is an integral
ER membrane protein and the ER is not only the site of virus assembly
(Kabcenell and Atkinson, 1985) but also the site of N-glycan addition.
Using lectin-binding assays, Seddas and Boissinot (Seddas and
Boissinot, 2006) provided evidence that TuYV particles were
glycosylated. There are several possible explanations for these results
and one of them could be the nonspeciﬁc binding of lectins to
hydrophobic domains in the structural proteins that are exposed
under denaturing conditions during SDS-PAGE. It has indeed been
shown that lectins can bind to hydrophobic noncarbohydrate ligands
(Roberts and Goldstein, 1982; Stoitsova et al., 2003). The use of
appropriate competing sugars in the lectin-binding assay developed
by Seddas and Boissinot (Seddas and Boissinot, 2006), could have
been informative about the speciﬁcity of the interaction observed
between the virus structural proteins and the different lectins.
Taking into account the results of the various experiments
performed, it thus appears that glycosylation of CABYV and TuYV
structural proteins is highly unlikely. However, we observed a
glycosylated plant protein that was reproducibly present in puriﬁed
virus preparations of CABYV and TuYV. It is conceivable that the effect
of the PNGase-F treatment on TuYV aphid transmission (Seddas and
Boissinot, 2006) could be due to an indirect effect on this glycosylated
protein. This assumes, of course, that this protein is involved in a step
of the transmission process, a hypothesis which is currently being
investigated in our laboratory.
Materials and methods
Protein sequence analysis
SignalP (http://www.cbs.dtu.dk/services/SignalP/) was used
to identify the sequence of a putative signal peptide of secreted
proteins on the CABYV structural protein sequences. ScanProsite
(http://www.expasy.ch/tools/scanprosite/) was used to identify N-
linked glycosylation sites and NetOGlyc 3.1 (http://www.cbs.dtu.dk/services/NetOGlyc/)was used to predictO-linkedN-acetylgalactosamine
glycosylation sites on polerovirus structural protein sequences.
Construction of CABYV mutants
All point mutants were created by PCR mutagenesis using pCA0WT
DNA as template (Prüfer et al., 1995).Mutagenic primerswere designed
to substitute asparagines residues by glutamine at position 70 (5′
AAGGACCAACTCACGGGCAGTTCC3′ and 5′CCGTGAGTTGGTCCTTT-
GAAAATACAAATG3′ for mutant Ngly1) and 178 (5′AAAGGGCAAG-
GATCTTCCTCGGTTG3′ and 5′GAAGATCCTTGCCCTTTATAGAGGATCTT3′
for mutant Ngly2) on the CABYV-CP sequence and at position 408 (5′
CTTCGTATCAATACACCGTCTCATACGG3′ and 5′CGGTGTATTGATACGAA-
GAATCCTTCTG3′ for mutant Ngly3) and 415 (5′TACGGGCAATACACG-
GAGAAATATTGC3′ and 5′CCGTGTATTGCCCGTATGAGACGGTG3′ for
mutant Ngly4) on the CABYV-RT sequence. Bold characters indicate
mutated nucleotides. Oligonucleotides CA11 (nucleotides [nt] 3071 to
3088 on CABYV-RNA) and CA12 (complementary to nt 4059 to 4076)
were used as external primers to construct mutants in the CP, and
oligonucleotides CAEagI (nt 4261 to 4278 on CABYV-RNA) and CA20
(complementary to nt 5656 to 5670) for mutants in the RT. The
ampliﬁed fragmentwas furtherdigestedbyEcoRI andEagI forNgly1and
Ngly2 or by EagI and SalI for Ngly3 and Ngly4, and introduced into
pCA0WT DNA subjected to cleavage by similar restriction enzymes.
Constructs for agroinfection were made by replacing the wild-type
CABYV cDNA sequences in the binary vector pBin35SCA-WT (Prüfer
et al., 1995). The resulting plasmidswere introduced into Agrobacterium
tumefaciens C58C1 (Holsters et al., 1980) for agroinoculation (Prüfer
et al., 1995).
Infection of protoplasts and plants
Protoplasts of Chenopodium quinoawere inoculated with viral RNA
transcripts as described previously (Bruyère et al., 1997).
A. tumefaciens harboring the mutant constructs was grown to an
optical density of 0.8 at 600 nm and agroinﬁltrated (Prüfer et al.,
1995) into Montia perfoliata. Infected plants were identiﬁed 3 weeks
post-inoculation by double-antibody sandwich enzyme-linked im-
munosorbent assay (DAS-ELISA) (Clark and Adams, 1977) with a
rabbit polyclonal antiserum raised against CABYV (SEDIAG, France).
Aphid transmission assays from infected plants and puriﬁed virus
Virus-free colonies of Myzus persicae and Aphis gossypii were
reared on caged pepper (Capsicum annuum) or cucumber (Cucumis
sativus) seedlings, respectively, at 20 °C with a 16 h photoperiod.
Aphid transmission experiments used either puriﬁed virus or
detached leaves from agroinfected plants as a source of inoculum
(Bruyère et al., 1997). Puriﬁed suspensions of virus were obtained
from agroinfected M. perfoliata as previously described (Van den
Heuvel et al., 1991) and offered to aphids in a solution of 0.1 M sodium
citrate, pH 6, and 20% sucrose. Third- and fourth-instar nymphs or
adults were given a 48 h acquisition access period (AAP) before being
transferred to M. perfoliata test plants for a 4-day inoculation access
period (IAP). Aphidswere then eliminated by an insecticide treatment
and test plant infection was monitored by DAS-ELISA 3 weeks later.
Western and Northern blotting
Viral structural proteins in total protein extracts of infected
protoplasts or plants were detected by Western blot using a CABYV
polyclonal antiserum (Lecoq et al., 1992) or a CABYV-CtermRT speciﬁc
antiserum (Brault et al., 2005). Detection of CABYV structural proteins
was performed with an enhanced chemiluminescence Western-
blotting kit (Bio-Rad, France). Total RNA was extracted from similar
plant material using Rneasy Extraction kit (Qiagen, France) and viral
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probe (Roche, France) complementary to the noncoding 3′-terminal
201 nt of CABYV genome (Guilley et al., 1994).
RNase sensitivity assay
RNA extraction from 200 mg of CABYV-infected leaves was
performed either in 400 µl of buffer (200 mM Tris–HCl pH 9.0,
400 mM KCl, 200 mM sucrose, 35 mM MgCl2, 25 mM EDTA) which
protects from attack by endogenous plant RNases or in a non-
protecting buffer (50 mM Tris–HCl pH 7.5, 10 mM MgCl2). Prior to
RNA phenol extraction and ethanol precipitation, leaf extract obtained
with the non-protecting buffer was submitted to a 30 min incubation
at 37 °C. RNA was ﬁnally resuspended in 20 µl of RNase-free H2O.
Analysis of viral progeny RNA
The stability of the mutations in progeny viral RNA following
agroinfection or aphid transmission was examined by amplifying a
DNA fragment spanning the mutation site by reverse transcription
followed by PCR (RT-PCR) as described elsewhere (Brault et al., 1995).
For theNgly1 andNgly2mutants, reverse transcriptionwas primedwith
oligonucleotide CA08 (complementary to nt 4088 to 4105), and a PCR
product was synthesized with the additional oligonucleotide CA07 (nt
3505 to 3520). For the Ngly3 and Ngly4 mutants, reverse transcription
was primed with oligonucleotide CA20 (complementary to nt 5656 to
5670), and a PCR product was synthesized with the additional
oligonucleotide CAEagI (nt 4261 to 4278). The PCR product was then
digested with one of the following pairs of enzymes (numbers in
parentheses refer to the position of each restriction site): BamHI(4006)/
EcoRI(4544), EagI (4268)/SalI(5669) depending on the mutant to be
analyzed. The appropriate fragmentswere cloned into apBluescriptKS+
plasmid (Stratagene, Heidelberg, Germany) cut with the appropriate
enzymes, and the insert sequences were determined from randomly
selected clones.
Analysis of glycosylation by immunodetection
Protein extracts were separated on a 15% SDS-PAGE and
transferred onto nitrocellulose. Immunodetection of glycoproteins
containing plant complex glycans was performed with anti-β(1,2)-
xylose-, anti-α(1,3)-fucose- or anti-Lewis a antibodies according to
Faye et al. (1993) and Fitchette-Lainé et al. (1997). Afﬁnodetection of
high-mannose N-glycans was carried out using the concanavalin A/
peroxidase method (Faye and Chrispeels, 1985).
Mass spectrometry
Protein preparation for in-gel digestion
Puriﬁed CABYV suspensionwas loaded on a 10% SDS-PAGE and the
structural proteins were visualized after staining with colloidal blue
0.1% (Serva Blue G) prepared in 17% of (NH4)2SO4, 0.5% acetic acid and
34% methanol. After an overnight incubation at room temperature,
the gel was destained by successive washes in H2O. The gel pieces
containing CABYV structural proteins were cut out and successively
washed with 50 μl of 25 mM NH4HCO3 and 50 μl of acetonitrile (three
times), and dehydrated with 100 μl of acetonitrile before reduction in
the presence of 10 mM DTT in 25 mM NH4HCO3 (1 h at 57 °C) and
alkylation in the presence of 55 mM iodoacetamide in 25 mM
NH4HCO3. For tryptic digestion, the gel pieces were resuspended in
2 volumes of trypsin (12.5 ng/μl; V5111 Promega, USA) freshly
diluted in 25 mM NH4HCO3 and incubated overnight at 37 °C. The
digested peptides were then extracted from the gel in a buffer
containing 34.9% H2O, 65% acetonitrile, and 0.1% HCOOH, the
concentration of acetonitrile was reduced by evaporation (SpeedVac)
and the sample was analyzed by nanoLC–MS/MS.Chromatography conditions on NanoAcquity
The analysis was performed on a nanoACQUITY Ultra-Perfor-
mance-LC (UPLC,Waters, Milford, USA). The samples were trapped on
a 20×0.18 mm, 5 μm Symmetry C18 precolumn (Waters, Milford,
USA), and the peptides were separated on a ACQUITY UPLC® BEH130
C18 column (Waters, Milford, USA), 75 μm×200 mm, 1.7 μm particle
size. The solvent system consisted of 0.1% formic acid in water
(solvent A) and 0.1% formic acid in acetonitrile (solvent B). Trapping
was performed during 3 min at 5 μl/min with 99% of solvent A and 1%
of solvent B. Elution was performed at a ﬂow rate of 400 nl/min, using
1–40% gradient (solvent B) over 35 min at 45 °C followed by 65%
(solvent B) over 5 min.
MS and MS/MS conditions on SYNAPT mass spectrometer
The MS and MS/MS analyses were performed on a SYNAPT™ an
hybrid quadrupole orthogonal acceleration time-of-ﬂight tandem
mass spectrometer (Waters, Milford, USA) equipped with a Z-spray
ion source and a lock mass system. With the system operating in
positive mode, the capillary voltage was set at 3.5 kV and the cone
voltage at 30 V for protein identiﬁcation, but for glycan determination
the cone voltage was set at 50 V. Mass calibration of the TOF was
achieved using phosphoric acid (H3PO4) on the [50;2000] m/z range.
Online correction of this calibration was performed with Glu-ﬁbrino-
peptide B as the lock mass. The ion (M+2H) at m/z 785.8426 was
used to calibrate MS data and the fragment ion (M+H) at m/z
684.3469 was used to calibrate MS/MS data during the analysis.
For tandem MS experiments, the system was operated with
automatic switching between MS and MS/MS modes (MS 0.5 s/scan
on m/z range [250;1500] and MS/MS 0.7 s/scan on m/z range
[50;2000]). The 3 most abundant peptides (intensity threshold 60
counts/s), preferably doubly and triply charged ions, were selected on
each MS spectrum for further isolation and CID fragmentation with 2
energies set using collision energy proﬁle. Fragmentation was
performed using argon as the collision gas. The complete system
was fully controlled byMassLynx 4.1 (SCN 566,Waters, Milford, USA).
Raw data collected during nano LC-MS/MS analyses were processed
and converted with the software tool ProteinLynx Global Server
(version 2.3; Waters, Milford, USA) into pkl peak list format. Normal
background substraction type was used for both MS and MS/MS with
5% threshold and polynomial correction of order 5, and no deisotoping
was performed.
Data analysis and protein identiﬁcation
The MS/MS data were analyzed using MASCOT 2.2.0 algorithm
(Matrix Science, UK) to search against NCBInr data base (2sd
December 2009) concatenated with reversed copies of all sequences
(20168488 entries). Spectra were searched with a mass tolerance of
30 ppm for MS and 0.05 Da for MS/MS data, allowing a maximum of
one missed cleavage site by trypsin and with carbamidomethylation
of cysteines and oxidation of methionines ﬁxed as variable modiﬁca-
tions. Protein identiﬁcations were validated when at least two
peptides were identiﬁed with Mascot ion score greater than 35 for
each MS/MS spectra. For the estimation of the false positive rate in
protein identiﬁcation, a target-decoy database search was performed
(Elias and Gygi, 2007). The false positive rate was close to 0.5%.
Criteria used for protein identiﬁcations followed the general guide-
lines for reporting proteomic experiments (MIAPE; http://www.
psidev.info).
MALDI-TOF mass spectrometry conditions
Mass measurements were carried out on an UltraﬂexTM MALDI-
TOF/TOF mass spectrometer (Bruker Daltonics GmbH, Bremen,
Germany). This instrument was used at a maximum accelerating
potential of 25 kV in positive mode and was operated in reﬂector
mode at 26 kV. The delay extraction was ﬁxed at 110 ns and the
frequency of the laser (nitrogen 337 nm) was set at 20 Hz. The
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suppression deﬂection (cut off) set to 500m/z. The equipment was
ﬁrst externally calibrated with a standard peptide calibration mixture
that contained 7 peptides (Bruker Peptide Calibration Standard
#206196, Bruker Daltonics GmbH, Bremen, Germany) covering the
1000–3200m/z range and thereafter every spectrum was internally
calibrated using selected signals arising from trypsin autoproteolysis
(Promega V5111 Madison, WI, USA) (842.510m/z and 2211.105m/z
peptides) to reach a typical massmeasurement accuracy of ± 30 ppm.
Each raw spectrumwas opened with ﬂexAnalysis 2.4 build 11 (Bruker
Daltonics GmbH, Bremen, Germany) software and processed using
the following parameters: signal-to-noise threshold of 1, Savitzky–
Golay algorithm for smoothing, median algorithm for baseline
substraction, and SNAP algorithm for monoisotopic peak detection
and labeling. In all cases, resolution was higher than 9000.
Sample preparation was performed with the dried droplet method
using a mixture of 0.5 µl of sample with 0.5 µl of matrix solution dry at
room temperature. The ﬁrst matrix solution was prepared from a
saturated solution of α-cyano-4-hydroxycinnamic acid in water/
acetonitrile 50/50 diluted three times in water/acetonitrile/triﬂuor-
oacetic acid 50/49.9/0.1. The secondmatrix solutionwasprepared from
a 10 mg/ml of 2,5-dihydroxybenzoic acid in water/acetonitrile 50/50.
Data analysis and protein identiﬁcation
Mass data collected during MALDI-TOF analyses were processed
using the software tool ﬂexAnalysis (version 2.4; Bruker Daltonics
GmbH, Bremen, Germany). The MS data were analyzed using the
MASCOT 2.2.0. algorithm (Matrix Science, UK) to search against the
NCBInr data base. The research was done with a mass tolerance of
30 ppm, allowing a maximum of one missed cleavage site by trypsin
and with carbamidomethylation of cysteines and oxidation of
methionines ﬁxed as variable modiﬁcations.
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